Abstract. When treating glaucoma, excessive scar tissue reactions reduce the postoperative survival rate of the filtering bleb. accumulating evidence has demonstrated that the proliferation, migration and extracellular matrix (ECM) synthesis of fibroblasts are important molecular mechanisms underlying scar formation. recent evidence has demonstrated that chloride channels play an important role in controlling cell proliferation, apoptosis, migration and the cell cycle process in several cell types, but the effects of chloride channels on conjunctival fibroblasts have not be studied. The aim of the present study was to investigate the effects of the chloride channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) on cell proliferation, apoptosis, migration, cell cycle progression and ecm synthesis in human conjunctival fibroblasts (HConFs), and to further investigate the mechanism of resistance to scar formation following glaucoma filtration surgery. HConFs were exposed to NPPB or lubiprostone. Cell proliferation and viability was evaluated using the Cell Counting Kit-8. Cell migration was measured using transwell migration and scratch-wound assays. Flow cytometry was used to study apoptosis and cell cycle progression. Quantitative polymerase chain reaction and western blot analyses were performed to determine mRNA and protein expression levels, respectively. Following NPPB treatment, HConFs exhibited reduced proliferation and migration, along with increased apoptosis. NPPB also inhibited cell cycle progression by arresting cells in the G0̸G1 phase and reducing collagen I and fibronectin expression, as well as the phosphorylation of phosphoinositide 3-kinase (PI3K) and protein kinase B (AKT). However, lubiprostone treatment exerted the opposite effects on HConFs. therefore, NPPB treatment inhibited proliferation, migration, cell cycle progression and synthesis of the ecm, while promoting apoptosis in HConFs, by inhibiting the PI3K̸AKT signaling pathway.
Introduction
Glaucoma is the most common cause of irreversible blindness worldwide and severely affects the visual function and quality of life of the patients (1, 2) . Filtration surgery is the most common treatment for reducing intraocular pressure, but excessive scar tissue formation in the filtration area reduces the postoperative 5-year survival rate of the filtering bleb to <50% (3, 4) . Several anti-scarring regimens, such as mitomycin C (MMC) or 5-fluorouracil (5-FU), are currently used to improve the results of glaucoma surgery, but are of limited use clinically due to severe complications, such as filtering bleb leakage, corneal epithelial dysfunction, late-onset endophthalmitis and macular degeneration (5) (6) (7) (8) . Therefore, safer and more effective anti-scarring agents are urgently required.
Human conjunctival fibroblasts (HConFs) are located in subconjunctival connective tissue, which plays an important role in scar tissue reactions of the filtering bleb. Filtration surgery may stimulate conjunctival fibroblast proliferation, migration, differentiation from fibroblasts to myofibroblasts, and promote the secretion of extracellular matrix (ecm); these are important processes of wound heal ing, but may also lead to scarring (9) (10) (11) . The role of ion channels (chloride channels in particular) in the development of fibrosis have attracted increasing attention in recent years (12) (13) (14) (15) . Previous findings have demonstrated that chloride channels are widely distributed in mammalian tissues and organs and various types of cells, and play important roles in regulating cell cycle progression, cell proliferation, migration and apoptosis by maintaining the cell volume balance (16) (17) (18) (19) (20) (21) (22) (23) (24) . The phosphatidylinositide 3-kinase (PI3K)̸protein kinase B (AKT) signaling pathway is a survival pathway that has recently become known as a key regulator of cell proliferation, migration and apoptosis (25, 26 The PI3K̸AKT pathway also plays a key role in regulating ECM synthesis (27) . We previously cloned the clc-2 gene, which was sensitive to changing cell volumes, and revealed its important roles in the processes of cell differentiation, proliferation and division (17, 18) . The chloride channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) is known to selectively block volume-sensitive, hyperpolarization-activated and medium-conductance Cl channels. NPPB is not highly selective, but is used by numerous investigators to examine the pharmacological properties of cl ion currents in various cells. Cheng et al (19) obserevd that NPPB increased apoptosis in human bronchial epithelial cells. We previously found that the chloride channel blocker NPPB inhibited the transition of quiescent (G0) fibroblasts into the cell cycle (17) . However, it remains unclear whether or how NPPB affects the proliferation, migration and ECM synthesis of conjunctival fibroblasts. in the present study, HConFs were cultured to investigate the affects of the chloride channel blocker NPPB on the proliferation, migration, apoptosis and ECM synthesis of HConFs. it was further investigated whether NPPB exerts the abovementioned effects on HConFs via the PI3K̸AKT signaling pathway to provide novel insights into prevention of glaucoma filtration surgery scar formation.
Materials and methods
Drugs. NPPB and lubiprostone (both from Sigma-Aldrich; Merck KGaa, St. Louis, Mo, USA) were prepared as 0.4 and 0.1 M stock solutions in dimethyl sulfoxide (DMSo) (Beyotime Institute of Biotechnology, Jiangsu, China), respectively, stored at a temperature <-20˚C, and protected from light until use. NPPB and lubiprostone were diluted to 10-200 µM and 10-300 nM, respectively, in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich; Merck KGaa) containing 10% fetal bovine serum (FBS) (Invitrogen̸Gibco; thermo Fisher Scientific, Grand Island, NY, USA) on the day of the experiment. The highest concentration of DMSo in the test solutions was 0.1%. To exclude the possibility that proliferation was inhibited by DMSo, cells were exposed to a final DMSo concentration of 0.1% in DMEM containing 10% FBS.
Cell lines and cell culture. HConFs from ScienCell Research Laboratories (San Diego, CA, USA) were isolated from the human conjunctiva. HConFs are characterized by a spindle-shaped morphology and positivity for immunofluorescence staining with anti-fibronectin antibodies. HConFs were maintained and cultured at 37˚C in a humidified incubator with 5% Co 2 in fibroblast medium (ScienCell Research Laboratories) containing fibroblast growth supplement (undisclosed formulation), 2% FBS, 100 U̸ml penicillin and 100 µg̸ml streptomycin. Cell apoptosis assay. Annexin V binding to HConF was performed using an Annexin V-FITC Apoptosis kit (BestBio) to measure apoptosis. HConFs (5x10 5 ̸well) were plated into 6-well plates and then treated with medium containing different reagents for 48 h. Briefly, the cells, after being rinsed twice with phosphate-buffered saline (PBS), were resuspended in 400 µl of 1x binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 ; pH 7.4), to which 5 µl of Annexin V-FITC was added and mixed well. After a 15-min incubation period at 2-8˚C in the dark, 10 µl of propidium iodide (PI) was added to the cells and mixed well. The cells were incubated for a further 5 min at 2-8˚C in the dark, after which time flow cytometry (Cytomics FV 500; Beckman Coulter, Brea, CA, USA) was performed within 15 min.
Cell proliferation assay [Cell Counting
Cell cycle analysis. The cell cycle status was assessed by flow cytometry using a Cell Cycle and Apoptosis Analysis kit (Beyotime Institute of Biotechnology). Briefly, the cells were grown in 100-mm plates with 10% FBS for 24 h. After treating the cells with media containing different reagents for 48 h, they were collected and fixed in 75% ethanol for 24 h at 4˚C. after rinsing the cells with PBS, they were stained with PI buffer (containing 500 µl staining buffer, 25 µl of 20x PI and 10 µl of 50x RNase). The cell cycle distribution was assessed by flow cytometry (Cytomics FV 500; Beckman Coulter).
Scratch-wound assay. HConFs (5x10 5 cells̸well) were plated into 6-well plates in culture medium. at 24 h after seeding, the culture medium was replaced with fresh medium supplemented with 4 µg̸ml MMC (Zhejiang Hisun Pharmaceutical Co., Ltd., Taizhou, China). After a 2-h incubation, a line was scratched into confluent cell monolayers using a sterile 200-µl pipette tip, and the cells were washed 3 times with PBS. The scratch wound was allowed to heal for 12 h in the presence of different reagents. Micrographs were captured for each sample at 0 and 12 h, and the migration capacity of HConFs was evaluated by measuring the width of the scratch wound at both time-points, using ImageJ software, version 1.5 (produced by Java2HTML).
Transwell migration assay. the chemomigration assay was performed in Transwell plates (pore size, 8 µm; Corning Costar, Inc., Corning, NY, USA). The chambers were inserted into a 24-well plate. Cells (1x10 5 ) were suspended in 200 µl DMEM and added to the upper chamber. our preliminary experiments demonstrated that an FBS concentration of 10% is optimal for observing cell migration (data not shown). Therefore, DMEM with 10% FBS was added into the lower chamber of each well, and the cells were incubated for 12 h. The medium and non-migrated cells in the upper chamber were removed gently with a cotton swab, whereas the migrated cells in the lower chamber were fixed with paraformaldehyde (4%) and stained with crystal violet. images were captured at a magnification of x200. Cells in 6 different fields were counted.
Western blot analysis. Cells were washed with pre-cooled PBS and lysed in radioimmunoprecipitation assay buffer containing the protease inhibitor phenylmethylsulfonyl fluoride and the phosphatase inhibitor Na 3 Vo 4 (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) on ice. Subsequently, the cells were gently scraped with a rubber policeman and centrifuged at 1,500 x g for 12 min at 4˚C. Protein concentrations were measured using the bicinchoninic acid (BCA) method with the enhanced BCA protein assay kit (cat. no. P0009; Beyotime institute of Biotechnology).
A total of 20 µg of protein per sample was separated by 6-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. the membranes were then blocked with 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at 37˚C and incubated overnight at 4˚C in TBST with mouse monoclonal anti-collagen I (1:2,500 dilution, cat. no. ab88147) and rabbit polyclonal anti-fibronectin (1:1,500 dilution, cat. no. ab2375) (both from Abcam, Cambridge, UK), mouse monoclonal anti-PI3 kinase p85 (1:500 dilution, cat. no. sc-1637), mouse polyclonal anti-p-PI 3-kinase p85α (1:500 dilution, cat. no. sc-12929), mouse monoclonal anti-Akt1 (1:500 dilution, cat. no. sc-5298), mouse monoclonal anti-p-Akt1 (1:500 dilution, cat. no. sc-293125) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and̸or mouse monoclonal anti-β-actin (1:1,000 dilution, cat. no. AF0003; Beyotime Institute of Biotechnology) antibodies. Following two washes with TBST, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:5,000 dilution, cat. no. A0208) or goat anti-mouse IgG secondary antibody (1:5,000 dilution, cat. no. A0129) (both from Beyotime Institute of Biotechnology) for another 1 h at room tempera ture and washed 3 times with TBST. Detection was performed with enhanced chemiluminescence western blotting reagents (Beyotime Institute of Biotechnology) and the membranes were visualized by exposure to Kodak x-ray film. The results were scanned and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from HConFs using the RNAiso Plus reagent (Takara Bio, Inc., Shiga, Japan), according to the manufacturer's instructions. Single-stranded cDNA templates were prepared from 500 ng total RNA using the RT-for-PCR kit (Takara Bio, Inc.), according to the manufacturer's instructions. Specific cDNAs were subsequently amplified by PCR using the following primers (Shanghai R&S Biotechnology Co., Ltd., Shanghai, China): collagen i forward, 5'-TCC TCT TTA GCA CCC TTT CG-3' and reverse, 5'-GGA CCA GCA ACA CCA TCT G-3'; fibronectin forward, 5'-CCA GCA GAG Gca taa GGt TC-3' and reverse, 5'-CAC TCA TCT CCA ACG GCA TA-3'; GAPDH forward, 5'-CAG GAG GCA TTG ctG atG AT-3' and reverse, 5'-CAG GAG GCA TTG CTG ATG AT-3' . PCR amplification from cDNA was performed using a LightCycler ® 480 system (Roche Diagnostics, Basel, Switzerland) in a final reaction volume of 20 µl containing 2x SYBR-Green mix (10 µl; Toyobo Co., Ltd., osaka, Japan), 1 µl primer mix, 1 µl template DNA and 8 µl diethylpyrocarbonate water. The following cycling conditions were used: initial denaturation at 95˚C for 30 sec; 40 cycles of denaturation at 95˚C for 15 sec, annealing at 59˚C for 20 sec, elongation at 72˚C for 20 sec; and a final extension at 72˚C for 10 min. The data were normalized to GAPDH mRNA expression, using the ΔΔcq method (22) .
Statistical analysis. data are expressed as the mean ± standard error (number of observations) and were analyzed using the Student's t-test and one-way analysis of variance. Statistical significance was defined as P<0.05. All experiments were repeated 4 times.
Results
Effect of NPPB on cell proliferation. to assess the effects of the chloride channel blocker NPPB and the chloride channel activator lubiprostone on HConF cell proliferation, HConFs were first stimulated with different concentrations of NPPB (10, 50, 100 and 200 µM) for 48 h using 0.1% DMSo as control. NPPB inhibited HConF proliferation in a dose-dependent manner, and 100 µM NPPB inhibited cell proliferation by 47.62±1.99% (P<0.01 vs. control; Fig. 1A) . Conversely, HConF stimulation with lubiprostone (10, 50, 100 and 300 nM) promoted cell proliferation in a dose-dependent manner, the effect of which peaked at 100 nM (Fig. 1B) .
Effect of NPPB on the cell cycle. Next, HConFs were divided into 3 groups, which were exposed to 100 µM NPPB (NPPB group), 100 nM lubiprostone (LUBI group) or 0.1% DMSo as control (0.1% DMSo group). The effects of these treatments on cell cycle progression were tested by flow cytometry. The proportion of cells in G0̸G1 in the 0.1% DMSo, NPPB and LUBI groups was 64.43±4.21, 81.44±3.15 and 39.40±2.14%, respectively. The proportion of cells in S phase in the 0.1% DMSo, NPPB and LUBI groups was 8.37±2.02, 6.56±2.21 and 10.30±3.09%, respectively. The proportion of cells in G2̸M phase in the 0.1% DMSo, NPPB and LUBI groups was 27.20±1.32, 12.00±3.56 and 50.30±3.23%, respectively. therefore, NPPB inhibited cell cycle progression by arresting the cells in the G0̸G1 phase, but lubiprostone promoted cell cycle progression by advancing the cells from G0̸G1 to the S and G2̸M phase (Fig. 2) .
Effect of NPPB on cell apoptosis. to investigate the effect of NPPB on HConF apoptosis, HConFs were stimulated with 100 µM NPPB or 100 nM lubiprostone for 48 h, using 0.1% DMSo as control. Treatment with 100 µM NPPB for 48 h significantly increased the number of apoptotic HConFs compared with control treatment (25.2±1.5 vs. 7.92±1.1%; P<0.01). Treatment of HConFs with 100 nM lubiprostone resulted in a lower rate of apoptosis (3.12±0.88%; P<0.05 vs. control; Fig. 3 ).
Effect of NPPB on cell migration. the migration capacity of HConFs was measured via in vitro scratch and transwell migration assays. The scratch-wound assay revealed international journal of molecular medicine 41: 1331-1338, 2018 that treatment with NPPB significantly inhibited wound healing compared with that observed in the control group (9.36±1.44vs. 24.54±1.82%, respectively; P<0.01). Treatment of HConFs with 100 nM lubiprostone significantly increased wound healing compared to that observed in the control group (73.83±2.26, P<0.01 vs. control; Fig. 4A ).
To confirm the results of the scratch-wound assay, a Transwellmigration assay was performed. As shown in Fig. 4B , significantly fewer HConFs migrated through the Transwell membrane in the NPPB group compared with the control group (7.41±0.83 vs. 20.55±1.02 cells, respectively; P<0.01). A significantly greater number of cells migrated through the Transwell membrane in the LUBI group compared with the control group (41.58±0.89; P<0.01 vs. control). These result indicated that NPPB inhibited and that lubiprostone promoted HConF migration (Fig. 4B) .
Effect of NPPB on collagen I and fibronectin expression.
To evaluate the effects of NPPB on ECM production, the mRNA and protein expression of collagen I and fibronectin in the three groups were measured. The relative quantification results revealed that HConFs treated with NPPB exhibited significantly inhibited collagen I and fibronectin expression, at both the mRNA and protein levels. By contrast, the mrna and protein expression of collagen I and fibronectin significantly increased in the lubiprostone group (Fig. 5) .
NPPB repressed the PI3K̸Akt pathways. Western blot analysis revealed that NPPB treatment significantly decreased the levels of p-PI3K and p-AKT (both P<0.05 vs. control).
Lubiprostone significantly increased the expression of p-PI3K and p-Akt (P<0.05 vs. control; Fig. 6 ).
Discussion
Excessive postoperative conjunctival scarring at filtering bleb sites is the main reason underlying trabeculectomy failure. In general, this process consists of a series of events, including conjunctival fibroblast migration and proliferation, deposition, and contraction of dense collagen fibers after the proliferation of fibroblasts, which leads to aqueous outflow blockage by creating adhesions between the conjunctiva and episclera, as well as between the scleral flap and underlying tissues (28, 29) . accumulating evidence suggests that chloride channels are critical for cell proliferation and apoptosis (30) (31) (32) . NPPB was found to inhibit cell proliferation in a concentration-and time-dependent manner in nasopharyngeal carcinoma cells (30) . NPPB also reduced cell proliferation in a concentration-dependent manner in mouse mesenchymal stem cells (31) . consistent with previous data, we observed that NPPB inhibited HConF proliferation in a dose-dependent manner. data from our previous study demonstrated that the chloride channel blocker NPPB inhibits the transition of quiescent (G0) fibroblasts synchronized by serum deprivation̸replenishment reentry into the proliferating phase by impairing passage through G1̸S (17) . Tao et al (31) reported that inhibiting cl -currents using NPPB retained mouse mesenchymal stem cells in the G0̸G1 phase and decreased the distribution of cells in S phase. NPPB inhibited the volume-activated chloride current and proliferation of nasopharyngeal carcinoma cells in a dose-dependent manner, inhibited cell cycle progression and arrested cells at the G0̸G1 phase boundary (32) . to further investigate how NPPB participates in HConF proliferation, flow cytometry experiments were conducted and demonstrated that NPPB inhibited cell cycle progression and arrested cells at the G0̸G1 phase boundary. Moreover, NPPB increased the abundance of the apoptotic HConF population, which was prevented by the chloride channel activator lubiprostone. In agreement with our findings, Souktani et al (33) found that NPPB increased apoptosis in rabbit myocardial cells. Cheng et al (19) reported that, both stimulation with NPPB and knocking down the expression of the clc-3 chloride channel increased apoptosis; by contrast, overexpression of clc-3 prevented tGf-β1-induced apoptosis in human bronchial epithelial cells. Contradictory data were also reported, indicating that NPPB inhibited apoptosis, instead of accelerating it (34, 35) . In CNE-2Z cells, NPPB prevented apoptosis induced by paclitaxel (36) . The selectivity of NPPB for chloride channels in different cell types may account for the conflicting effects of NPPB on apoptosis.
The PI3K̸AKT pathway is a survival pathway that regulates cell proliferation, apoptosis, differentiation and migration (37) . The PI3K̸AKT pathway may play key roles in the physiology and pathophysiology of several types of cells (38) (39) (40) (41) . The key enzyme of this pathway, PI3K, converts phosphatidylinositol 4,5-biphosphate to phosphatidylinositol 3,4,5-triphosphate, which binds both AKT and 3-phosphoinositide-dependent protein kinase 1 (PDK1), enabling PDK1 to phosphorylate AKT (41, 42) . The primary direct downstream target protein of PI3K is AKT. The activation of AKT causes a cascade of responses with downstream targets that regulate cellular functions. For example, AKT regulates cell migration via Rac1 and RhoA, increases cell survival via Bcl-2, and increases cell proliferation via the activation of the mammalian target of rapamycin (37, 41) . Zhou et al (26) reported that exendin-4 mediated proliferation, migration and apoptosis via the PI3K̸AKT pathway in bone marrow mesenchymal stem cells. It has been reported that activation of PI3K̸AKT signaling may induce the expression of ecm molecules in a number of cell types (43, 44) . Previous results demonstrated that inhibiting CIC-2 expression by RNA interference or a chloride channel blocker may attenuate cell proliferation and migration via the PI3K̸AKT signaling pathway (45, 46) . Li et al (47) observed that suppression of PI3K̸AKT signaling may decrease adhesion and migration of bone marrow-derived mesenchymal stem cells. In the present study, NPPB promoted cell apoptosis and inhibited proliferation, migration, cell cycle progression and synthesis of ECM, which paralleled suppressed expression of p-PI3K and p-AKT. Therefore, NPPB exerts the abovementioned effects on HConFs by inhibiting PI3K-dependent signaling.
